Formation of uranyl ion complexes of p-t-butylcalix [8] arene by reaction of the calixarene with [UO 2 (dmso) 5 ] 2+ in the presence of various bases leads to the crystallisation of solids with interestingly different stoichiometry, involving both di-and tri-uranate oligomers bound to the calixarene in anionic species. In all, the calixarene hexa-anion is present in a virtually identical conformation, suggesting that conformational preferences of the ligand must be a major factor controlling the form of the bound oxo-metal complex. Hydrogen bonding to the anions does not appear to be prominent even in the presence of protonated amines and this may explain the formation of some remarkable cation/solvent/simple anion clusters found within the lattices.
Introduction
Calixarenes are macrocyclic polyphenols that continue to attract attention as ligands that can support the formation of oligonuclear metal clusters.
1 While much of this work involves the relatively simple calix [4] arenes, 2-4 increasing ring size within the calixarene series is generally associated with the complication of greater conformational flexibility.
5, 6 The energy minima possible are nonetheless influenced by the ring size and the nature of its constituents, so that every calixarene may be considered a source of a unique (if often large 7 ) range of conformers. One consequence of this is that, as a metal ion ligand, a given calixarene may facilitate particular modes of coordination with different metal ions and, more subtly, on different forms of one metal ion. In the particular case of p-t-butylcalix [8] arene, while the fairly subtle differences in its conformation associated with the binding of transition metal 5, 8 or lanthanide 9, 10 ions have long been known, only more recently has a thorough study of the varied forms found in complexes of a single metal (tungsten) been made.
5,8,11
In their binuclear complexes of the lanthanides, both p-t-butylcalix [8] arene and calix [8] arene (at least in the case of its Eu(III) complex 12 ) adopt a twisted (chiral) conformation which allows two metal ions to be bound, two phenoxide-O donors acting as bridges between them. Phenoxide-O bridging is rare in known uranyl ion and other U(VI) complexes of calixarenes, 13 a factor which might be expected to favour the adoption of a different conformation of p-t-butylcalix [8] arene when bound to uranyl ion and indeed this appears to be so, with the three known examples 14-16 involving a hydroxy-bridged diuranate unit bound to p-t-butylcalix [8] in a (somewhat elliptical) pleated loop conformation, as found for the neutral free calixarene. 17 While the protonation state of the diuranate p-t-butylcalix [8] arene complex reportedly varies, in all cases the complex is anionic, and associated with cations that interact with the uranyl-O atoms, either through hydrogen bonds with triethylammonium cations, 14, 15 or with one uranyl-O coordinating to the K atom in a [K(18-crown-6)] + unit. 16 In the latter case, the uranate bridging hydroxyl acts as the donor in a hydrogen bond formed with a crown ether O atom. Despite these differences, the calixarene conformation is remarkably consistent, suggesting that this moiety may be used as a predictable component in extended structures. In the present work, we have introduced diamine cations as the counter ion for the diuranate calix [8] arene complex anion, which can potentially act as both hydrogen bond donor or acceptor, depending on the protonation state, in an effort to better understand which are the dominant binding modes of the complex anion. Upon addition of an excess of a stronger base, we have also found that this binuclear complex, obtained effectively by the fusion of two uranyl units on p-tbutylcalix [8] arene, appears to be capable of acting as a platform on which to bind a third uranyl unit, in this case involving binding to uranyl-O donors of both centres, with no substantive change in the calixarene conformation. The present work also provides further examples of U(VI) bound to calixarenes in seven-coordinate (essentially pentagonal bipyramidal) species, the capacity of uranyl ion to bind three, four or five donor atoms equatorially appearing to be one means of adjusting to the demands of macrocyclic ligands.
[(UO 2 )(dmso) 5 ](ClO 4 ) 2 ‡, 18 (110 mg, 0.13 mmol) in acetonitrile (2 mL) was added. The resulting solution was left to stand until the product crystallised, as red-brown crystals sometimes visibly contaminated with a pale yellow powder. Where the base used was N,N-diethylethylenediamine,~4 mL of dichloromethane was added to the initial reaction mixture to slow deposition of the complex. Tetramethylammonium hydroxide was added as ã 1 mol L -1 methanolic solution.
Structure determinations
Full spheres of CCD area-detector diffractometer data were measured (Bruker AXS instrument, w-scans; monochromatic Mo Ka radiation, l = 0.71073Å; T~153 K), yielding N t reflections, these merging to N unique (R int cited) after 'empirical'/multiscan absorption correction (proprietary software), these being used in the 'full-matrix' refinements on F 2 , refining anisotropic displacement parameter forms for the non-hydrogen atoms, hydrogen atom treatment following a riding model; N o reflections with I > 2s(I) were considered 'observed'. Reflection weights were: 18 was of less than desirable precision, and, having material to hand, it was decided to attempt an improvement. It seems, however, that crystallisation of this complex is subject to subtle, possibly kinetic, influences. Addition of ethanol to a hot dmso solution of the complex results in the precipitation of largely tabular crystals, as originally structurally characterised. Layering of ethanol onto a dmso solution and allowing mixing to occur by liquid-liquid diffusion provided, at least in one case, a mixture of tablets, thin plates, and needles, whereas vapour diffusion of ethanol into a dmso solution provided intergrown clusters of fine needles. One of the very small, needle-like crystals was selected and found to be of a new phase ('b'); one of the tablet crystals proved to be the original ('a') form, although attempts to improve the determination of the latter by use of low-temperature were thwarted by crystal disintegration. Both structures were (re-) determined, the 'b'-phase at ca. 100 K with monochromatic Cu K radiation (= 1.54184Å), the 'a'-phase at ca. 296 K with Mo Ka radiation. In the latter, on this occasion, disorder was resolved in all ligands, generated by the familiar inversion at the sulfur. (4) • , respectively. U-O(dmso) were 2.266(6)-2.371(4) (< > 2.34(4)Å) ('a'); 2.346(7)-2.396(7) (< > 2.37(2)Å ('b'); the latter value is preferred because of the fully ordered nature of the structure and the low-temperature determination. In [UO 2 (O-dmso) 5 (4) •
Variata. Four of the t-butyl groups, and diverse cation and solvent components were modelled as disordered over pairs of sites (occupancies 0.5, isotropic displacement parameter forms). Variata. All cations and one of the solvent molecules were modelled as disordered over pairs of sites, occupancies 0.5, as also a further solvent fragment (isotropic displacement parameters, idealized geometries). Remaining residues were assigned as fully or partially occupied water molecule oxygen atom components. The only disorder resolved in the structure concerns solvent molecules MeCN(6,7), each modelled with occupancy 0.5 after trial refinement, and isotropic displacement parameter forms (the latter also true of MeCN (5)).
'(NMe 4 )[(HO)U
P2 1 /n (C 2h 5 , No. 14 (variant)), a = 16.668(2), b = 21.255(2), c = 33.054(3)Å, b = 100.644(2) • , V = 11509(2)Å 3 . D c (Z = 4) = 1.498 g cm
Results and discussion

Syntheses
The synthesis of the uranyl p-t-butylcalix [8] arene complexes was carried out essentially as described previously, 14 the calixarene dissolving readily in acetonitrile upon addition of an excess of the relevant base. Red solutions formed upon addition of two equivalents of the uranyl salt (the dmso solvate of the perchlorate being used here as a convenient, compositionally well-defined source), and crystalline products deposited upon standing. In all cases, elemental analysis was complicated by the co-deposition of a small amount of what was assumed to be uranyl hydroxide but the results of single-crystal X-ray diffraction studies were sufficient to evaluate the structural features of interest. When tetramethylethylenediamine (tmeda), and tetramethylpropylenediamine (tmpda) were used as the base, red crystalline materials, 1a and 1b, respectively, were deposited in a form appropriate for diffraction studies. In the presence of N,N-diethylethylenediamine, the complex 1c precipitated rapidly from acetonitrile solution as a microcrystalline powder. As was the case for all the materials reported here, efforts to recrystallise this product from acetonitrile resulted in dissociation of the complex. However, addition of dichloromethane to the initial reaction mixture slowed the crystallization rate, resulting in a crystalline product (1c) of the required quality. The use of tetramethylammonium hydroxide as the base resulted in a darker red-brown solution, which slowly deposited deep red-brown crystals, 2, along with some white microcrystalline powder that is likely to have been excess calixarene ligand, given the subsequently determined stoichiometry of the product. The crystals of 2 were suitable for single-crystal X-ray diffraction studies.
Structure determinations
1a-c. In all of these structures, anions of very similar form are found, comprising one ligand in association with a pair of oxygen-bridged uranyl species. There appears to be no compelling reason why they should not be similarly protonated and so on the basis of the available evidence, they are all described as [(HO)(UO 2 ) 2 {calix[8]-6H}] 3-, with the uranium atom being sevencoordinated by the pair of oxo-oxygen atoms, together with the hydroxo-and four ligand oxygen atoms in the equatorial plane. In the three non-isomorphous salts, the anions are found in association with assorted protonated amine cations, anions and solvent molecules. In 1a, two formula units, devoid of crystallographic symmetry, make up the asymmetric unit of the structure, in 1b and 1c one each. A typical anion, that of 1c, is depicted in Fig. 1 ; geometries of the anions in all three salts are similar and are presented summarily in Table 1 . The intraligand, interphenolic O ◊ ◊ ◊ O distances are short for the pair straddling the UOU core (O(21) ◊ ◊ ◊ O(31), O(61) ◊ ◊ ◊ O(71)), all less than 2.57Å, whereas all others in all compounds are greater than 2.80Å, suggesting those sites to be the locations of the pair of remaining phenolic hydrogen atoms, assigned in association with O(31,71). The overall anionic array appears, at first sight, to approach mm symmetry; on closer inspection of the various descriptors (Table 1) , however, it is clear that it is degraded to no more than 2 with many interesting divergences, presumably initially consequent upon the changes associated with protonation. A further determinant of various conformational subtleties is distortion imposed by the fact that the angle at the central oxygen atom of the UOU array is not straight but typically ca. 145
• , as a consequence of which the quasi-linear uranyl units are not parallel but diverge appreciably from each other, as shown in the projection in Fig. 1(b) ; the uranium atoms both lie slightly to the divergent side of the (rather good) (phenolic-O) 8 • ). The similarities extend further to the pendant aromatic rings, those associated with 'b' sites having dihedral angles to the O 8 plane of ca. 38-47
• , while those associated with the 'a' sites are larger, ca. 51-60
• . As mentioned above, the previously reported diuranate complexes of p-t-butylcalix [8] arene were found to have significant interactions between the counter cations and the uranyl-O atoms. In general, the binding of U(VI) to an incompletely deprotonated calixarene produces a complex species capable of acting as both a hydrogen-bond donor and a hydrogen-bond acceptor, as well as a Lewis base. Since multiple, inequivalent donor/acceptor sites may exist within a given species, one question that arises is that of how the size and conformation of the calixarene may influence its donor/acceptor properties. In the case of action as a Lewis base, for example, Li(I) is bound to the mono-U(VI) complex of p-t-butyl-tetrahomodioxacalix [4] arene through uranyl-O only, 20 whereas it is bound to the di-U(VI) complex of pt-butylhexahomotrioxacalix [6] arene through U-bound phenoxide and an ether-O, with at most only a rather remote contact to uranyl-O (~1Å longer than in the first complex). 21 The present work bears both upon the hydrogen-bond donor and acceptor properties of the seemingly rather rigid di-U(VI) derivative of the p-t-butylcalix [8] arene hexa-anion and upon its activity as a Lewis base towards extra U(VI). The first crystallographic study 14 of this anionic complex was of its triethylammonium salt, in which it appears that the cations form hydrogen bonds to the two divergent uranyl-O atoms of the anion, a situation which differs remarkably from that in all other derivatives. Indeed, in the present examples, comparable interactions are remarkable only for their absence, the only clear example being found in one of eight possible sites in 1a (N(601) ◊ ◊ ◊ O(201), 2.876(6)Å), the distance being comparable to those observed in the triethylammonium salts reported previously (2.88 (3) 16 it might be argued that the binding of one potassium-crown unit to one of the divergent uranyl-O atoms inhibits acceptor hydrogen-bonding there and favours the secondary site of the bridging hydroxyl group for donor hydrogen-bonding (to crown ether-O) but, while these interactions do not obstruct the second divergent uranyl-O site, hydrogen-bond donation from the coordinated water molecules of the second potassium-crown unit occurs to the bound phenoxide-O atoms and posits the cation adjacent to the convergent uranyl-O atoms. In all three of the present ammonium salts of the diuranate complex, NH ◊ ◊ ◊ O hydrogen-bonding appears to involve predominantly the bound phenoxide-O atoms and to occur from the side of the convergent uranyl-O atoms.
Of course, in all the known structures there are additional hydrogen-bond donors and acceptors present in the solvent molecules forming part of the lattice. Water is intimately involved with the uranate core of the triethylammonium salt, one molecule bridging the two convergent uranyl-O atoms (though with rather long O ◊ ◊ ◊ O distances) and three others forming a trimer unit which bridges, surprisingly, formally only halfdeprotonated bound phenolic-O units. The central oxygen atom of this trimer is within hydrogen-bonding distance of the hydroxyl-O bridging the two uranium centres and clearly there are aspects of the proton distribution in this complex which are not resolved by the X-ray structure determination. Whether the acetonitrile molecules also present are involved in the hydrogen-bonding network is particularly uncertain. In the present examples, NH ◊ ◊ ◊ O hydrogen-bonding involving exclusively the fully deprotonated, coordinated phenoxide-O atoms from the side adjacent to the convergent uranyl-O atoms leads, in the salt formed with the N,Ndiethylammonioethylamine cation, 1c, to an exceptional structure involving capsules formed by two anionic calixarene units with their convergent uranyl-O faces oriented towards one another, in which are enveloped eight cations and six adventitious chloride anions (Fig. 2) .
The structure of 1a also incorporates hydrogen-bond linked diuranyl calixarene units at the side adjacent to the convergent uranyl-O atoms (Fig. 3) . In this case there are only two linkages comprising a phenolate-O ◊ ◊ ◊ N, N¢ ◊ ◊ ◊ water-O, water-O ◊ ◊ ◊ phenolate-O hydrogen-bond chain. The four remaining "external" phenolate O-atoms are also involved in hydrogen-bonding interactions, to additional TMEDA N-atoms. Altering the added base to TMPDA results in a structure where these hydrogen-bond links are broken, but the disposition of the calixarene complex anions and associated diamine molecules is remarkably similar (Fig. 4) . These results suggest that the hydrogen bond linkages formed in 1a and 1b may not be a strong contributing factor in the overall structure of these complexes. The significantly different results obtained for 1c indicates that further exploration of the introduction of primary amines and/or the addition of chloride or similar anions in these systems could be of interest.
2.
Despite the presence of the very heavy uranium atoms impeding hydrogen atom/protonation definition, the structures of the cationic and anionic substrate components are well-defined, with disorder evident in only one of the t-butyl substituents of the ligand; solvent components, modelled as dmso (nicely ordered within the anion), and acetonitrile, disordered but uncoordinated, are insusceptible of protonation in the present ambience. One formula unit of the complex (plus accompanying solvent), devoid of crystallographic symmetry, comprises the asymmetric unit of the structure. The cation is uncomplicated; the anion is a highly novel trinuclear form (Fig. 5) , which, apart from ligand and solvent peripheries, adopts a configuration which is a close approximation to mm symmetry -a 'horizontal' plane containing the three uranium atoms and a 'vertical' one normal to it. The three uranium atoms are not equivalent: two (U(1,2)) are each coordinated by one half of the calixarene ligand, the U(L/2) components being closely related by the putative 'vertical' mirror plane. The coordination environments of the two uranium atoms are seven-coordinate (Table 1) ; the familiar pair of short U-O interactions is found, supporting an angle close to 180
• , consistent with uranium(VI) as a "uranyl" species. The two distances are slightly different, the oxygen atom associated with the longer bridging to bond with the third uranium (U(3)). In the plane normal to the O U O axis, five-coordination is found: one bond is associated with the central oxygen atom O(0), which lies in the putative mirror planes, the other four associated with the sequence of four phenolic oxygen atoms from the relevant half of the ligand. 18 O(0) is the most strongly bound atom in the equatorial arrays of all three uranium atoms.
Only a few examples of trinuclear U(VI) derivatives of calixarenes are known
22-24
and each has certain unique characteristics. In the complex formed from p-t-butylhexahomotrioxacalix [6] arene, 24 for example, each U centre is octahedral with two m 2 oxide ligands linking it to the other two centres and an identifiable OUO (uranyl) entity not involved in bridging other than through hydrogen bonding to an adjacent trinuclear species, while in the trinuclear derivative of p-tbutylcalix [6] arene 22 a m 3 oxygen ligand links all three metal ions, each of which can be considered pentagonal bipyramidal in form. The present case can be perhaps considered closer to the latter but one U(VI) has no direct interaction with the calixarene and its uranyl OUO entity lies perpendicular to the plane defined by the uranyl units of the precursor diuranate. Essentially, the diuranate species can be regarded as forming a tridentate O 3 ligand to bind the third U(VI) centre, though the exact sequence of events leading to the trinuclear product is unknown. The effectiveness of uranyl-O as a Lewis base has been established structurally for a wide variety of heteronuclear complexes of calixarenes 25 and it is clearly also of importance in the formation of many stoichiometrically simpler species. 26 A striking feature of the lattice of 2 in comparison with those of 1a-c is the absence of any conventional hydrogen-bonding interactions, although one methyl group of the tetramethylammonium cation does make a short contact (2.94(2)Å) to a phenoxide-O. Surprisingly, given that they are seen in simpler systems, 27 there appear to be no significant cation-p interactions involving the calixarene phenyl rings.
Conclusions
The results reported here illustrate that the structure of the diuranate p-t-butylcalix [8] arene complex anion is remarkably consistent despite significant changes in the associated species found in the crystal. As such, it is a potential component in 'crystal engineering' activities, with a particularly remarkable 'capsule'-like example found herein, albeit possibly requiring additional anions (chloride) along with an amine-derived cation. The different arrays of solvent molecules found within the four lattices presently discussed provide fascinating hints as to the possible structuring of solvents around the ionic constituents in solution, although it would seem that hydrogen-bonding interactions are certainly not critical to the maintenance of the forms of the polyuranate species in the solid state. The diuranate anion was also found to be capable of accommodating an additional uranyl cation, illustrating that this species is a versatile receptor that demands further attention to fully understand, and ultimately predict, its behaviour as a component of supramolecular assemblies.
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